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VAPORIZING REACTANT LIOUTDS FOR 
CHEMTCAL VAPOR PEPQSTTTON FTIM PROCESSING 

Cross Reference To Related Applications 

5 This application is related to previously- filed 

copending U.S. Patent Application Serial No. 07/912,024, filed 

July 9, 1992, which is a continuation of Serial No. 

07/626,274, now abandoned. 

Background of the Invention 

10 The present invention relates generally to a device 

for vaporizing a liquid at . a controlled rate. More 
specifically, it relates to a device for vaporizing a liquid 
with a rapid pressure drop and mixing the vaporized liquid 
with a carrier gas in a manner which allows independent 

15 control of the flow rates of the liquid and carrier gas. The 
invention is particularly suited for supplying vaporized 
reactants to the reaction chamber of a chemical vapor 
deposition system. 

Chemical vapor deposition (CVD) processes are widely 

20 used in the deposition of thin films used in semiconductor 
devices and integrated circuits. Such processes involve 
deposition resulting from a reaction of chemical vapors 
homogeneously or heterogeneously on a substrate. The reaction 
rate is controlled, e.g., by temperature, pressure and 

25 reactant gas flow rates. The use of low vapor pressure 
liquids as precursors for such processes has several 
advantages and has become more common. 

Prior CVD processes involve transport of low vapor 
pressure liquid using a bubbler or boiler. In these 

30 processes, a carrier gas saturates the liquid and transports 
the vapor. The amount of vapor transported depends on the 
downstream pressure, carrier gas flow, vapor pressure in the 
ampoule holding the source liquid source, and the like. Thus, 
the amount of vapor transported is not an independent 


parameter and therefore is difficult to control. As a result, 
CVD processes using a bubbler or boiler have not demonstrated 
the ability to consistently control the flow rate of the 
vaporized reactant, which decreases the quality of films 
5 produced by these processes. 

An additional shortcoming of CVD processes using 
bubblers is that these processes have difficulty producing 
the high reactant flow rate needed to achieve a high film 
deposition rate. With a bubbler, increasing reactant flow 

10 rate requires either increasing the bubbler temperature or 
the carrier gas flow rate. However, the reliability of 
downstream hardware limits the use of a bubbler temperature 
above a certain value, and the adverse effect of excessive 
carrier gas flow rate on the quality of the deposited film 

15 limits the use of high carrier gas flow rates, thus limiting 
the amount of vapor that can be transported. Thus, the amount 
of reactant vapor that can be transported is undesirably 
limited. 

In known boilers, the liquid is heated, and the vapor 
20 formed is controlled using a high temperature gas flow 
controller. In this arrangement, the amount of vapor 
transported depends on the downstream chamber pressure and 
the boiler temperature. However, the vapor pressure of 
liquids commonly used in the deposition of semiconductor films 
25 (e.g., tetraethylorthosilane TEOS) is very small at normal 
operating temperatures; as a result, vapor transport 
limitations occur when a boiler is used in high pressure 
(e.g., atmospheric pressure) CVD processes. Heating the 
boiler to the liquid boiling temperature could obviously 
30 improve the vapor transport for such processes, but the boiler 
temperature is limited by the reliability of the downstream 
hardware . 
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The above-referenced previously filed U.S. Patent 
Application describes a CVD process in which vapor is formed 
by flowing heated carrier gas over a bead of liquid. The 
liquid evaporates into the carrier gas, creating reactant 
5 vapor for CVD. The evaporation rate is controlled by 
adjusting the flow rate of liquid into the bead? at high flow 
rates, the size and surface area of the bead increases until 
the evaporation rate equals the liquid flow rate. However, 
above a given limit, increases in liquid flow rate will result 
10 in only partial vaporization. An advantage of this process 
over the bubbler and boiler techniques is that it allows 
independent control of the liquid flow rate. However, like 
the bubbler and boiler techniques, this technique relies on 
heated evaporation to vaporize the liquid, and thus can 
15 produce only limited vaporization rates. 

A need therefore remains for a reliable and low 
maintenance liquid vaporizer which can vaporize liquid at high 
flow rates and additionally allow independent control of 
liquid and carrier gas flow rates. The present invention 
20 addresses that need. 

Summary of the Invention 
The invention features a vaporizer which accepts a 
carrier gas and *. pressurized liquid. An internal cavity 
receives the carrier gas through a carrier aperture and 
25 combines the carrier gas with vapor formed from liquid 
received through a liquid aperture. The mixed gas and vapor 
are exhausted out of the cavity via a third aperture. The 
liquid is vaporized by the pressure differential between the 
liquid and vapor: a closure element which is substantially 
wider than the liquid aperture is disposed adjacent to the 
liquid aperture so that a pressure gradient forms between the 
liquid aperture and the remainder of the cavity. The liquid 


30 
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passing- through this pressure gradient vaporizes due to 
expansion. 

An advantage of the invention is that the vaporizer 
forms vapor by expansion in a pressure gradient, rather than 
5 evaporation, and therefore can vaporize liquid at high flow 
rates such £s those needed for some semiconductor fabrication 
processes. 

In preferred embodiments, the closure element is a 
diaphragm movable relative to the liquid aperture to increase 

10 or decrease the flow rate of the liquid. The closure element 
is moved by an electrically controlled actuator such as a 
piezoelectric element. To control the flow rate of the 
liquid, a liquid flow meter is connected to measure the flow 
rate of liquid into the liquid inlet port. A feedback control 

15 system compares the measured flow rate to a selected value and 
controls the piezoelectric actuator so that: the flow* rate 
approximates the selected value* 

An advantage of this embodiment is that tfa* liquid 
flow rate-* is controlled- solely- by the* movement of the 

20 diaphragm, so that (unlike the vaporization systems described 
above) the liquid flow rate is independent of the carrier gas 
flow rate and therefore can be more accurately controlled. 

In further preferred embodiments, a^ heater heats at 
least: a portion^©* the valve body near- to* the* cavity so as to 

25 inhibit the^ liquid^, which- has? cooled due> to- expansion, from 
condensing on therwalls of the* cavity after it has vaporized. 
Brief Description of t he Drawing 
Fig. 1 is a block diagram of a liquid delivery system 
in accordance wich the invention. 

30 Fig. 2A is a cross-sectional view of the vaporizer 12 

of Fig. 1, Fig. 2B is a second cross-section view of vaporizer 
12, Fig. 2C is a plan view of vaporizer 12, and Fig. 2D is a 
detail view of the diaphragm of vaporizer 12. 
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Fig. 3 is a more detailed block diagram of a portion 
of the liquid delivery system of Fig. 1. 

The drawings are not completely to scale in that the 
smaller passageways are exaggerated in diameter to make then 
5 visible on the drawings. 

Description of the Preferred Em bodiment (s) 
Turning now to the drawings, more particularly to Fig. 
1, there is shown a liquid delivery system 10 which uses a 
specially designed vaporizer 12 for both liquid flow control 

10 and vaporization at a single stage. Liquid flow rate is 
controlled by a closed loop system between a liquid flow 
monitor 14 and the vaporizer. In the system 10, a liquid 
reactant 11, such as TEOS, trimethyl borate, tetraethyl 
borate, tetraethyl phosphate, tetraethyl phosphite, 

15 tetrakis( dimethyl amino) titanium diethyl analog, water or the 
like is delivered from a liquid bulk delivery tank 16 to a CVD 
process chamber 18 of a conventional thermal or plasma- 
enhanced type. For example, such a chamber 18 is described 
in the following commonly owned issued U.S. Patents: 

20 5,000,113, issued March 19, 1991 to Adamik et al. ; 4,668,365, 
issued May 26, 1987 to Foster et al. ; 4,579,080, issued April 
1, 1986 to Benzing et al.; 4,496,609, issued January 29, 1985 
to Benzing et al. and 4,232,063, issued November 4, 1980 to 
East et al . , the disclosures of which are incorporated by 

25 reference herein. 

The liquid bulk delivery tank 16 has a dip tube 20 
extending into the tank 16 and a source 24 providing a 
pressurized gas such as helium to "head" space 26 at the top 
of tank 16, above the liquid reactant 11, for driving the 

30 liquid from the tank. The liquid flow monitor 14 is connected 
between the liquid bulk delivery tank 16 and liquid inlet 30 
of the vaporizer 12. A controlled amount of liquid is 
injected by the vaporizer 12, which converts the liquid to 


- 5 - 


vapor by expansion and transports the vapor to the process 
chamber 18 by means of a carrier gas, such as helium, nitrogen 
or argon* A control signal from the liquid flow monitor 14 
is fed back via control electronics 32 to the liquid flow 
5 control input of vaporizer 12. A gas tank 34 containing the 
carrier gas is connected to gas inlet 36 of the vaporizer* 12 
through a mass flow controller 38 which regulates the gas flow 
rate. 

In many applications, liquid 11 may be toxic and/or 

10 caustic. To facilitate servicing of the system 10 and its 
component valves and other elements, a purge line 39 is 
connected between the gas tank 34 and the liquid flow monitor 
to allow the operator to purge system 10 of the reactant 
liquid 11 and its vapor before servicing. To further reduce 

15 the amount of reactant in the system, a vacuum line 41 is used 
in conjunction with purge line 39 to evacuate liquid and vapor 
from the system. (Vacuum line 41 is coupled to the vacuum 
system of the CVD process chamber.) 

Remotely controllable (e.g., pneumatic) valves 13 and 

20 manual valves 15 are inserted on each line. These valves are 
opened and closed to enable normal operation and purge and 
evacuation operations. To enhance safety and fault- tolerance, 
each line having a remotely controlled valve 13 also has a 
manual valve 15 which can closed manually if the remotely 

25 controlled valve fails. 

Details of the vaporizer 12 are shown in Figs. 2A-2D. 
Referring to Fig. 2A, liquid inlet port 30 is connected by 
passage 40 through valve body 42 to shut off valve bore 44, 
which contains a piston 46. When the shut off valve is 

30 closed, piston 46 seats against the inner face of valve bore 
44 (as shown in Fig. 2A) , preventing liquid flow. Any 
suitable actuating means can be used to move valve piston 46 
along bore 44 into and out of this seated position. In one 
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embodiment, a bellows spring 45 generates pressure tending to 
seat piston 46 against the valve bore 44 and close the shut 
off valve. The shut off valve is opened by driving compressed 
air into a cavity 43 via opening 41 , generating force on 
5 piston 46 and moving it out of bore 44, allowing liquid to 
flow. Other types of valves can be used for shut off valve f 
e.g., a diaphragm valve. 

Passageway or channel 48 within valve body 42 connects 
the shut off valve bore 44 to a control valve bore or cavity 

10 50. The control valve bore 50 contains a piezo valve having 
a piezoelectric member 52 and a diaphragm 54 positioned 
proximate to opening 49 at the end of passage 48. Electrical 
excitation of the piezoelectric member 52 causes the diaphragm 
54 to move closer to or further from the end of passage 48, 

15 thereby controlling liquid flow. 

The piezo valve may be implemented with a commercially 
available piezo-electric valve, such as model IV1000 or IV2000 
type, obtainable from STEC, Kyoto, Japan. In one embodiment, 
the valve typically operates at a flow rate of 0.3-0.6 

20 grams/minute, in which case the gap between the diaphragm 54 
and opening 49 is approximately 10 jra. (Excessive gap height 
can cause undesirable turbulence in the control valve bore 
50.) In this embodiment, the piezo-electric valve can be 
selected to provide a 0-30 m gap adjustment range, e.g., at 

25 an input voltage of 0 Volts, the gap is 0 pm, at an input 
voltage of 5 Volts, the gap is 10-15 pm, and at an input 
voltage of 15 Volts, the gap is 30 nm. Thus, the 
piezoelectric valve not only provides liquid flow control, but 
can also operate temporarily to fully shut off liquid flow. 

3 0 A typical piezoelectric valve must be supplied with 

electrical power, e.g., ±15 Volt supplies, to operate 
properly; typically the valve will relax to a fully open state 
when electrical power is removed. Thus, to protect against 
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electrical failure, it is prudent to connect a piezoelectric 
valve in series with a positive shut off valve such as that 
provided by piston 46. Alternatively, a different 

proportional control valve could be substituted for the piezo 
5 valve, possibly providing both flow control and positive shut- 
off. 

Referring to. Fig. 2B, gas inlet port 36 is connected 
by passage 58 through valve body 42 to control valve bore 50. 
Outlet port 60 is connected by passage 62 through valve body 

10 42 to the control valve bore 50. Housing 57 retains the 
diaphragm 54 in proximity to the valve body 42. Diaphragm 54 
has a cylindrical center piston 61 which is positioned 
parallel to, and an adjustable close spacing from, the surface 
of valve seat 53. Diaphragm 54 aslo has a thick annular edge 

15 63 which rests on a circular lip 56 formed in the valve body 
42. Diaphragm 54 is manufactured of stainless steal or a 
similarly flexible metal. Movable "spider" portion 59 of 
diaphragm 54 comprises a thin (e.g. 40-50 mil), elastic, 
annular sheet or membrane connecting the thick annular edge 

20 63 and the cylindrical center piston 61. Annular 0-ring seal 
55 couples to the annular edge of diaphragm 54 and thereby 
contains the vapor/ carrier mixture within valve bore 50. 

Fig. 2C shows opening 49 disposed between passages 58 
and 62 within control valve bore 50. opening 49- is large 

25 enough- in diameter to prevent constriction o£ the liquid flow 
into the valve bore- 50 (if opening 49 is too small the flow 
rate caar -no& longas,, ba adjusted by the piezo valve) . The 
radial arrows in Fig. 2C indicate the direction of flow of the 
liquid into the valve bore 50 from the orifice 49. The 

30 circular arrows in Fig. 2C indicate the direction of flow of 
the carrier gas out of passage 58 circumferentially around 
the annular valve bore 50 (where the carrier gas mixes with 
vaporized liquid) , and into passage 62. 
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Fig. 2C also illustrates: circular seat 53 which 
engages the face of diaphragm 54 (as discussed below with 
reference to Fig. 2D) ; circular lip 56 which engages the 
thick annular edge 63 of diaphragm 54; and the circular center 
5 edge of housing 57. 

Referring to Fig. 2D f during operation, liquid 
reactant 11 such as TEOS is pressurized by source 24 (Fig. 1) 
at, e.g., from about 2 to about 30 pounds per square inch 
(psi) . When the shut off valve is open (i.e., piston 46 is 

10 drawn out of bore 44, as shown), the liquid enters liquid 
inlet port 30, flows via liquid inlet passages 40 and 48, and 
is injected out of the opening 49 into a vaporizing area 51 
formed in the control valve bore 50 between the diaphragm 54 
and seat 53 which rises out of valve body 42 and which 

15 contains opening 49. It has been found that turbulent 
vaporization, which can be detected by oscillating flow 
measured by flow meter 14, may occur if the diameter of the 
seat 53 is too large. In one embodiment, the diameter of the 
seat is approximately .5 cm. It has also been found that the 

20 more efficient vaporization can be achieved if the diameter 
of the face of the diaphragm 54 coupled to the seat 53 is 
larger than the diameter of the seat itself. In one 
embodiment, the proportion of these two diameters is as 
illustrated in Fig. 2D. The? amount ot liquid 11 injected into 

25 the vaporizing^ are*. 51 is controlled by position of the 
diaphragm 54 relative to- the opening 49y which, is in turn 
controiie^bv? the?, electrical excitation of the piezoelectric 
membe^'^RP 

When exiting passage 48, liquid 11 sees a radial 
30 pressure drop within the vaporizing area 51 (the gradient of 
this pressure drop is indicated by arrows in Fig. 2C) , and 
vaporizes by expansion. (A pressure drop gradient of this 
kind has been found to be more effective in rapidly and 
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uniformly vaporizing liquid than a step pressure drop of the 
kind produced, e.g., by an atomizer.) After exiting 
vaporizing area 51, the vaporized reactant liquid mixes with 
carrier gas flowing from inlet passage 58 to outlet passage 
5 62 and is transported out of the vaporizer to the CVD process 
chamber (Fig. 1) . To prevent the vaporized reactant liquid, 
which has been cooled due to expansion, from condensing on the 
walls of cavity 50, the vaporizer is maintained at an elevated 
temperature by a surrounding heating jacket (not shown) . 

10 It will be noted in Fig. 3 that pressure from housing 

57 downwards on the annular edge 63 of diaphragm 54 causes the 
center piston 61 of diaphragm 54 to bow upwards away from the 
surface of seat 53. Thus, the valve relaxes to an open 
position when no electrical excitation is applied to 

15 piezoelectric member 52 (Fig. 2A, 2B) . 

It will also be noted that in the embodiment 
illustrated in Fig. 2D, the surface of seat 53 is coplanar 
with the upper surface of lip 56. Thus, the line extending 
across cavity 50, which represents the upper surface of lip 

20 56, is exactly collinear with the line representing the upper 
surface of seat 53. 

Details of the control electronics 32 of Fig. 1 are 
shown in Fig. 3. Feedback control is used to control the 
piezo valve because the voltage- to-opening transfer function 

25 of the piezo valve can be difficult to control because it is 
non-linear, has hysteresis, and drifts with changes in 
temperature, pressure, and liquid flow rates. The control 
electronics 32 include a proportional-integral -derivative 
(PID) control circuit 72 which generates an output on line 80 

30 which is a function of: the difference between the signals on 
lines 76 and 78; the integral of this difference; and the 
derivative of this difference. The input-output relationship 
of the PID circuit is chosen to maximize the stability and 
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tracking of the circuit and minimize response time. 
Preferably, an auto- tune or adaptive filtered PID circuit is 
used so that the control function is continuously optimized 
to the system response • Any commercially available adaptive 
5 PID circuit, for example the PID sold by Watlow Controls under 
part no. 965A, can be suitably used in the Fig. 3 application. 

The inputs to the PID 72 are a 0 to 5 volt flow output 
signal supplied by the liquid flow monitor on line 76, and a 
0 to 5 volt set point signal on line 78. The output of PID 

10 72 is a 0 to 5 volt position input signal which is supplied 
to the piezo valve on line 80. The PID 72 drives the position 
signal on line 80 so that the flow monitor output signal on 
line 76 is equal to the set point signal on line 78. If the 
liquid flow rate is below the desired level, the flow output 

15 signal on line 76 and the set point signal on line 78 will 
differ, and the PID 72 will drive the vaporizer 12 to increase 
the liquid flow by opening the piezoelectric valve. If the 
liquid flow rate is above the desired level, PID 72 will drive 
the vaporizer 12 to decrease liquid flow by closing the 

20 piezoelectric valve. 

System 10 is simple, easily maintainable, low cost and 
provides improved process control. By using the vaporizer 12 
of the present invention, both the liquid flow control and the 
vaporization occur at a single stage. As a result, vapor flow 

25 rate, repeatability, and responsiveness are improved, and 
independent control of liquid and carrier gas flow rates are 
achievable. Hence, film properties can be independently 
controlled. 

It should be apparent to those skilled in the art that 
3 0 various changes in form and details of the invention as shown 
and described may be made. For example, the liquid mass flow 
can be controlled separately from the liquid vaporization. 
To accomplish this objective, the liquid flow monitor 14 of 
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Fig. 1 may be replaced with a liquid mass flow controller 
having a low pressure differential, and an additional high- 
temperature monitor may be inserted in line 47. The control 
electronics may then contain separate sections: a first 
5 section controlling the liquid mass flow to a desired value 
by driving the input of the liquid mass flow controller; and 
a second section controlling the vaporization at the piezo 
valve of vaporizer 12 in response to measurements generated 
by the high-temperature monitor. 
10 It is intended that these and any other alternative 

embodiments be included within the spirit and scope of the 
claims appended hereto. 

What is claimed is: 
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